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a  b  s  t  r  a  c  t
Auditory  verbal  hallucinations  (AVHs)  are  the  experience  of  hearing  voices  in  the  absence  of  any  speaker,
often  associated  with  a schizophrenia  diagnosis.  Prominent  cognitive  models  of AVHs  suggest  they  may
be  the  result  of inner  speech  being  misattributed  to  an  external  or non-self  source,  due  to  atypical  self-  or
reality  monitoring.  These  arguments  are  supported  by studies  showing  that  people  experiencing  AVHs
often  show  an  externalising  bias  during  monitoring  tasks,  and  neuroimaging  evidence  which implicates
superior  temporal  brain  regions,  both  during  AVHs  and  during  tasks that  measure  verbal  self-monitoringnner  speech
elf-monitoring
eality monitoring
eurostimulation
performance.  Recently,  efﬁcacy  of  noninvasive  neurostimulation  techniques  as  a treatment  option  for
AVHs  has  been  tested.  Meta-analyses  show  a  moderate  effect  size  in reduction  of  AVH  frequency,  but
there  has been  little  attempt  to explain  the  therapeutic  effect  of  neurostimulation  in relation  to  existing
cognitive  models.  This  article  reviews  inner  speech  models  of  AVHs,  and  argues  that  a possible  explana-MS
DCS
tion  for  reduction  in frequency  following  treatment  may  be modulation  of activity  in the brain  regions
involving  the  monitoring  of  inner  speech.
©  2013  The  Authors.  Published  by  Elsevier  Ltd.  
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. Introduction rienced by between 1.5% and 3% of the general population (Tien,
1991), highlighting that the experience is not always pathological,
Open access under CC BY license.Auditory verbal hallucinations (AVHs) are the phenomenon
f hearing voices in the absence of any speaker, and are experi-
nced by around 60–80% of people diagnosed with schizophrenia
Sartorius et al., 1986). Some studies also report that they are expe-
∗ Corresponding author. Tel.: +44 191 334 3251.
E-mail  address: peter.moseley@dur.ac.uk (P. Moseley).
149-7634  © 2013 The Authors. Published by Elsevier Ltd. 
ttp://dx.doi.org/10.1016/j.neubiorev.2013.10.001
Open access under CC BY license.though estimates greatly vary between sources on this matter
(Beavan et al., 2011). Despite the prevalence of this experience,
surprisingly little is known about the cognitive and neural mech-
anisms underlying AVHs, and they may be refractory to current
treatment options in around 25% of cases (Shergill et al., 1998).
A  recent review by Sommer et al. (2012) suggested that antipsy-
chotic medication such as olanzapine, amisulpride, ziprasidone or
quetiapine may  be the most efﬁcacious treatment option for AVHs
in schizophrenia, while clozapine should only be used in the event
that these are unsuccessful. Anti-psychotic medication tends to
block D2-receptors in the brain, leading to hypotheses emphasizing
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he importance of dopamine pathways in the creation of psychotic
xperiences (Carlsson, 1978; Farde, 1997). However, it is well
nown that antipsychotic medication often causes undesirable
ide effects, such as weight gain and sedation (Buchanan et al.,
010). Therefore, cognitive behavioural therapy (CBT) is often
sed, either as an adjunctive or as an alternative treatment. The
im of CBT is to change the appraisal of the hallucination, in a
ollaborative effort between the patient and therapist; the patient
s encouraged to take an active part in the therapy, for example, by
xamining evidence for and against distressing beliefs, and testing
xplanations for unusual experiences in real world situations
Jones et al., 2012). One meta-analysis reported an effect size of
.4 for a reduction in positive symptoms of schizophrenia (Wykes
t al., 2008), although this does not tell us speciﬁcally about
BT’s efﬁcacy in treating AVHs. These studies are also confounded
y whether the patients included were taking anti-psychotic
edication at the time of therapy; it is difﬁcult to know whether
ny effects were due to the use of CBT alone.
The search for new treatment options for AVHs has led to the
esting of the efﬁcacy of noninvasive neurostimulation techniques
n the treatment of AVHs. Although results have not been conclu-
ive, repetitive pulse transcranial magnetic stimulation (rTMS) was
ecently labelled as “potentially useful” in a summary of available
reatment options (Sommer et al., 2012, p. 7), and recent research
as used transcranial direct current stimulation (tDCS), with
romising results (Brunelin et al., 2012). Additionally, neurostim-
lation techniques, if indeed efﬁcacious, have the potential to tell
s much about the cognitive and neural mechanisms underlying
VHs, by targeting speciﬁc brain regions thought to be involved
n the experience (although it also affects brain regions other than
hose directly underneath the stimulating coil or electrode; e.g.
indler et al., 2013). There has so far been little attempt to explain
he therapeutic effects of neurostimulation (if not a placebo effect)
n relation to pre-existing cognitive or neuroscientiﬁc models of
VHs.
The most popular cognitive theory of AVHs is arguably that
any are the result of internal cognitive events, such as inner
peech, being misattributed to an external or alien source (Waters
t al., 2012a). Various models have suggested that this could be due
o a speciﬁc deﬁcit in the monitoring of one’s own actions, known as
elf-monitoring (Frith, 1992), and/or due to a bias towards labelling
nternal mental events as externally produced under conditions of
mbiguity, known as a bias in reality monitoring (Bentall and Slade,
985). Evidence from neuroimaging suggests that monitoring of
ne’s own speech, overt or covert, is related to activity in audi-
ory cortical regions such as the lateral temporal lobe, including the
uperior temporal gyri (STG), a brain area that includes both pri-
ary and secondary auditory cortices (Allen et al., 2007; McGuire
t al., 1996a). This corresponds well to ‘symptom-capture’ studies
f AVHs, in which similar areas are often implicated (Allen et al.,
008). rTMS treatment is usually targeted at the left temporopari-
tal junction (TPJ), an area adjacent to, and with high levels of con-
ectivity to, primary and secondary auditory cortex (Kindler et al.,
013). Therefore, it is possible that neurostimulation treatment
ffects brain regions involved in verbal self- or reality monitoring.
This  review will discuss models that implicate atypical monitor-
ng of inner speech, as well as the evidence surrounding the efﬁcacy
f neurostimulation as a treatment for AVHs, and the possible cog-
itive and neural mechanisms behind the therapeutic effect.
.  Auditory verbal hallucinations as the result of
isattributed inner speech
Prominent models of AVHs have suggested that the experiences
rise when an internal mental event is misattributed to an externalvioral Reviews 37 (2013) 2794–2805 2795
or  non-self source. For example, Frith (1992) suggests that, if inner
speech is not recognized as self-initiated, it may be experienced
as an AVH. Many models have assumed that the raw material of
AVHs is a kind of inner speech (Bentall, 2003; Fernyhough, 2004),
although deﬁnitions of inner speech have varied, from simply
‘thinking in words’ (McGuire et al., 1995, p. 596) to ‘the overlap-
ping region of thought and speech’ (Jones and Fernyhough, 2007a,
p. 148), the latter of which highlights that not all thought processes
necessarily take place as inner speech.
Perhaps the most compelling evidence that the raw material
of AVHs is misattributed inner speech comes from studies that
have used electromyography (EMG) to show subvocalization (tiny
movements of the vocal musculature which occur during inner
speech; Gould, 1948; Inouye and Shimizu, 1970; McGuigan, 1966)
whilst patients experience AVHs. In one case, the subvocaliza-
tions were ampliﬁed into intelligible speech which corresponded
well to the contents of the AVH (Green and Preston, 1981), and
some AVHs have been shown to be less frequent when patients
explicitly vocalized competing utterances, for example humming
(Green and Kinsbourne, 1990). Further evidence from neuroimag-
ing studies suggests that similar cortical areas are active during
inner speech as during AVHs. For example, during auditory verbal
imagery, Shergill et al. (2001) found activation in the left superior
temporal gyrus (including Wernicke’s area) and the left inferior
frontal gyrus (Broca’s area), as well as in the supplementary motor
area (SMA) and insula. These ﬁndings concord fairly well with other
inner speech functional neuroimaging studies (Friedman et al.,
1998; McGuire et al., 1996b). Raij and Riekki (2012) showed that
the main difference between neural activation during AVHs and
during imagining speech was that AVHs showed less activation in
the SMA, otherwise implying that similar areas were recruited for
imagining speech and AVHs. The functional localization of inner
speech has also been studied using single pulse TMS: Aziz-Zadeh
et al. (2005) were able to induce ‘covert speech arrest’ by stim-
ulating either motor or non-motor language areas in the inferior
frontal gyrus (IFG) in the left hemisphere, but not right hemispheric
non-motor language areas.
In contrast, however, some have argued that left hemisphere
language sites are not integral to the experience of AVHs. An fMRI
study using a sample of 24 hallucinating patients, concluded that
the right homologue of Broca’s area (IFG) and the right superior
temporal gyrus, as well as the bilateral insula and anterior cin-
gulate gyri, were most active during AVHs (Sommer et al., 2008).
Vercammen et al. (2010b) have also shown that functional con-
nectivity of the left temporoparietal junction (TPJ) with the right
homologue of Broca’s area is reduced in patients who  reported
AVHs. These ﬁndings may  be interpreted as discordant with the
inner speech theory of AVHs, especially in light of Aziz-Zadeh et al.’s
ﬁndings, which indicate that non-motor language areas in the right
hemisphere are not causally involved in the production of inner
speech. However, there are a number of possible explanations for
right hemisphere involvement in AVHs. Vercammen et al. argue
that inner speech generated by the right hemisphere may  con-
sist of short sentences, with negative or derogatory content, which
seems to ﬁt with phenomenological accounts of AVHs. It may  sim-
ply be that the type of inner speech elicited by Aziz-Zadeh et al. did
not recruit right hemisphere language areas. Alternatively, right-
sided language areas could be involved in the contextualisation of
AVHs (inﬂuencing emotional valence and attentional salience, for
example). This suggestion would ﬁt with ﬁndings that implicate
right hemispheric activation in emotional prosody comprehension
(Alba-Ferrara et al., 2012a, 2012b). Superior temporal regions of
the right hemisphere are also important in processing aspects of
speech such as pitch (Lattner et al., 2005).
Alternatively, the right temporoparietal junction (rTPJ) has
been implicated in theory of mind tasks (Young et al., 2010a,
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010b) and it has also been argued that the inferior parietal lobule
immediately adjacent to Wernicke’s area and its right homologue),
articularly on the right side, is important for feelings of self-agency
Jardri et al., 2007), leaving open the possibility that right-sided
ctivation in AVHs is a result of the utilization of some form of per-
pective taking mechanism (a possibility returned to later in this
ection). Inconsistent neuroimaging ﬁndings in relation to the lat-
ralization of AVHs may  reﬂect the varying phenomenology of the
xperience, and it is likely that not all AVHs can be linked to inner
peech (Jones, 2010).
Hoffman  et al. (2011) have argued that a better model to explain
VHs involves the surfacing of ‘unbidden thoughts’ into conscious-
ess, through a hyperconnected corticostriatal loop involving
ernicke’s area and its right homologue, the left inferior frontal
yrus, and the putamen bilaterally. This model also speciﬁes that
 possible reason for the experience of AVHs as another person’s
oice is linked to the activation of right-sided temporal areas.
lthough different in its details, this model is not incompati-
le with the typical view of inner speech as the raw material
f AVHs, additionally emphasizing the importance of subcortical
tructures such as the putamen in conscious experience. The puta-
en  is crucial in the initiation of language representations (Price,
010), and Hoffman et al. argue that hyperconnectivity of the puta-
en  with temporal and frontal areas represents an overabundance
f language representations reaching temporal cortices. It is not
mmediately clear, though, why these language representations
ight be experienced as hallucinatory and as external to the self.
f anything, the differences between the unbidden thoughts model
nd inner speech models emphasize the need for a better under-
tanding of the phenomenology of what we are referring to as ‘inner
peech’.
It may  be that the differential ﬁndings of inner speech and AVH
euroimaging studies are in fact due to the type of task used to elicit
nner speech. For example, many of the aforementioned studies
ave simply asked participants to repeat cued sentences in their
eads, whilst Aziz-Zadeh et al. (2005) inferred covert speech arrest
y observing an increase in reaction time in a syllable counting
ask. Although these tasks undoubtedly elicit some form of inner
peech, their validity in relation to the kinds of inner speech that we
xperience in real life, or that may  be related to the experience of
VHs, may  be tenuous. For example, these forms of elicited inner
peech may  lack spontaneity and the phenomenal experience of
n inner dialogue (see below). Future inner speech neuroimaging
tudies would therefore do well to utilize tasks that may  elicit more
ealistic inner speech, as discussed in Section 6.
Inner speech theories of AVHs, though, have been criticized for
ot explaining the phenomenological aspects of AVHs. For exam-
le, AVHs are usually experienced as non-self generated and usually
but not always) located in external space. Furthermore, most hal-
ucinations take the form of another person’s voice, often giving
ommands or commenting on actions of the person, and usu-
lly being experienced as ‘alien’ to the self (Nayani and David,
996). This does not seem to correspond to what most would
ssociate with ‘thinking in words’, and the negative and often
erogatory content of AVHs would also seem to contrast with
his idea. One study reported no phenomenological difference
etween the inner speech of hallucinating patients diagnosed with
chizophrenia and a control group of participants who  did not hear
oices (Langdon et al., 2009), whereas one might expect to ﬁnd
ifferences in, for example, the tendency to represent others in
nner speech (although, interestingly, the two questionnaire items
hich approached a signiﬁcant effect were related to experiencingnner speech as a dialogic exchange). Also, an early neuroimaging
tudy found no difference in brain activation between hallucinating
atients and healthy controls during inner speech (McGuire et al.,
995).vioral Reviews 37 (2013) 2794–2805
Fernyhough (1996, 2004) has argued that inner speech is fun-
damentally dialogic in nature, or ‘shot through’ with other voices.
This is a logical extension of Vygotsky’s (1934/1987) argument that
inner speech is the result of the internalization of external dia-
logues during psychological development. If true, it follows from
Vygotsky’s ideas that typical inner speech may  consist of a dialogue,
often including voices other than the person’s own. One aspect of
inner speech that has been shown to differ between hallucination-
prone and non-hallucination prone healthy individuals is in fact
self-reported propensity to use dialogic inner speech (McCarthy-
Jones and Fernyhough, 2011), and the inner speech neuroimaging
study by McGuire et al. did ﬁnd differential activation between
hallucinating patients and controls when participants were asked
to imagine someone else’s voice. This would seem to explain why
most AVHs are experienced as a voice other than the person’s own
(McCarthy-Jones et al., 2012; Nayani and David, 1996): the atypical
component of AVHs is not that they are experienced as someone
else’s voice, but instead that they are experienced as alien and/or
external to the self (Jones and Fernyhough, 2007a). As already men-
tioned, the observation of right hemispheric activity during AVHs
may in fact reﬂect engagement of a type of perspective-taking
mechanism, which would be integral to the dialogicality of inner
speech. This is backed up by the involvement of right temporal lobe
involvement in theory of mind tasks (Young et al., 2010a, 2010b).
It  therefore seems that the inner speech model is a good ﬁt for
at least some types of AVHs, although further research to elicit a
better proxy for inner speech, and research that studies the neural
correlates of different phenomenological types of AVHs (and inner
speech), is needed before ﬁrm conclusions can be drawn.
3.  Why  do people who  hear voices experience inner speech
as  alien?
If  AVHs are indeed the result of inner speech being misattributed
to an external/non-self source, it may  follow that a mechanism
that usually distinguishes between internally and externally pro-
duced stimuli is disrupted. This concept has variously been termed
self-monitoring, source monitoring, or reality monitoring (Bentall,
1990; Frith, 1992). These terms have often been used interchange-
ably in the literature, or simply grouped under the umbrella term
‘source monitoring’. In general, self-monitoring has tended to refer
to the ability to monitor the planning and executing of actions (with
inner speech being seen as a motor act), and has been associated
with tasks requiring participants to monitor self-made actions or
vocalisations (Frith, 1992). Meanwhile, source and reality monitor-
ing have tended to be deﬁned as the ability to distinguish between
internal and external events, and have been associated with tasks
requiring participants to recall whether a remembered item was
produced by themselves or the experimenter (source memory) or
signal detection tasks requiring participants to decide whether a
voice is present in white noise or not (Bentall and Slade, 1985;
Johnson et al., 1993). Here, the terms will be used as described
above, but the term ‘monitoring’ will also be used as an umbrella
term to cover all of these concepts. (See Table 1 for a summary of
cognitive tasks discussed in this review.)
Early self-monitoring studies measured schizophrenia patients’
ability to monitor their own  actions by using a simple joystick
task in which participants had to monitor errors without feedback
(Frith and Done, 1989). It was shown that those diagnosed with
schizophrenia were worse at this form of monitoring than healthy
controls. Neuroimaging studies investigating self-monitoring of
speech speciﬁcally implicated a network of brain areas, involving
the lateral temporal cortex bilaterally (consistent with theories that
implicate similar brain regions in monitoring both internally and
externally produced speech), as well as left inferior frontal cortices
P. Moseley et al. / Neuroscience and Biobehavioral Reviews 37 (2013) 2794–2805 2797
Table  1
Summary of cognitive tasks associated with self-monitoring and reality monitoring, and their association to AVHs.
Task Description Key ﬁndings Key references
Error monitoring Participants are asked to monitor their
own actions whilst moving a joystick.
The proportion of errors corrected is
the variable of interest, on the basis
that an internal monitor is needed to
correct errors made without feedback.
Patients diagnosed with schizophrenia correct
errors less often. (Not speciﬁc to AVHs.)
Frith  and Done (1989)
Distorted voice Participants listen to recordings of
their own voice, and another person’s
voice. These recordings are sometimes
distorted in pitch, and participants
respond as to whether they think the
voice belongs to them, or not.
Patients with AVHs are more likely to incorrectly
respond that a voice belongs to someone else.
This ﬁnding holds whether the voice is instantly
fed back whilst the participant talks, or if it is
played back at a later point in time.
Allen  et al. (2004)
Johns  et al. (2001)
McGuire  et al. (1996a)
Self-experimenter word
production  (memory)
Participants  must recall whether a
word was  said by themselves or the
experimenter. This task is ‘ofﬂine’, in
that it tests performance through
memory of how an action was
performed.
Patients with AVHs are more likely to incorrectly
attribute words as produced by the
experimenter.
Bentall et al. (1991)
Laroi  et al. (2004)
Say-imagine word production
(memory)
Participants must recall whether they
said a word out loud, or imagined it.
Alternatively, they may  be asked to
perform an action, or imagine
performing  it. This task is ‘ofﬂine’, in
that it tests performance through
memory of how an action was
performed.
Patients with AVHs are more likely to incorrectly
recall saying a word out loud, or recall
performing an action, as opposed to imagining it.
Franck et al. (2000)
Gawe˛da  et al. (2013)
White noise signal detection
(SDT)
Participants  listen to bursts of white
noise, and must respond, using a
button press, whether they think a
Patients with AVHs, and hallucination-prone
individuals, make more ‘false alarm’ responses
(hearing voices in white noise that are not
prese
as op
Barkus  et al., 2007, 2011
Bentall  and Slade (1985)
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nd hippocampal formations (McGuire et al., 1996a). Following
rom early self-monitoring studies, one prominent theory has sug-
ested that an internal forward model is disrupted in those that
xperience AVHs. This theory explains the feeling of agency that
ccompanies motor actions by postulating a system that uses the
redicted consequences of actions to label events as self- or other-
enerated. Importantly, this theory relies on inner speech being
een as a covert motor action (Jones and Fernyhough, 2007b), which
s supported by the aforementioned subvocalization research. A
orward model account of self-monitoring and AVHs argues that
hen a motor plan is ﬁrst created, an ‘efference copy’ or ‘corollary
ischarge’ of the plan is sent to sensory areas to ‘warn’ them that the
ction is about to occur (Ford and Mathalon, 2005). If the planned
ction then occurs (and appropriate sensory information is received
s reafference), the event is labelled as self-generated (Seal et al.,
004; Wolpert et al., 1995). Some models specify that the efference
opy will dampen activity in the appropriate sensory area, to label
he percept as self-generated (Ford and Mathalon, 2005; Whitford
t al., 2012). Applied to AVHs, this would mean that an efference
opy of the inner speech motor act has not reached auditory cortical
reas (i.e. Wernicke’s area, and the STG more generally).
The forward model account of self-monitoring has received sup-
ort from tasks that require participants to discriminate between
istorted voices (lowered either 3 or 6 semitones) that could be
heir own or someone else’s. Here, a voice is immediately fed
ack to them through headphones when participants speak, and
hey are required to respond whether they think the voice is their
wn or not (McGuire et al., 1996b). Studies utilizing this task have
hown that patients with AVHs are worse at making the self/other
udgement correctly (Johns et al., 2001). Evidence of a global self-
onitoring deﬁcit in schizophrenia also comes from studies whichhow that patients with AVHs do not show a difference between the
ickle sensation evoked by others and by themselves, when both
ealthy controls and patients without AVHs do (Blakemore et al.,
000). Interpreted in light of the forward model theory of AVHs,nt). This seems to be due to a response bias,
posed to a change in perceptual sensitivity.
typical  individuals may  not be able to tickle themselves because
the corresponding sensory cortical areas are dampened when the
efference copy of the motor plan successfully reaches it, whereas
this may  not be the case in hallucinating patients. These ﬁndings
can therefore be seen to support the idea of a disrupted forward
model self-monitoring system in those experiencing AVHs.
The  neural instantiation of the efference copy has been postu-
lated to be a dampened N1 event-related potential (ERP) during
self-produced speech in comparison to other-produced speech in
healthy controls, but not in patients with schizophrenia (Ford et al.,
2001). Magnetoencephalography (MEG), the magnetic counterpart
of EEG, indicates that the N1 ERP component originates in the STG
(Krumbholz et al., 2003). This ﬁnding could reﬂect the failure of
an efference copy to successfully dampen activity in sensory areas
after self-produced speech, perhaps due to a delayed corollary dis-
charge (Whitford et al., 2012). This is supported by neuroimaging
evidence suggesting that left superior temporal areas are more
active during inner speech in those diagnosed with schizophre-
nia than healthy controls (Simons et al., 2010). Further EEG studies
have shown that theta and gamma  band coherence between frontal
and temporal areas is impaired in patients with schizophrenia,
implying that synchronous neural activity may  be the neural sub-
strate of the efference copy (Ford and Mathalon, 2005). Disrupted
connectivity between frontal and temporal cortical areas has often
been implicated in AVHs (Lawrie et al., 2002), and is possibly linked
to structural alterations in white matter tracts such as the arcu-
ate fasciculus (de Weijer et al., 2011). Self-monitoring studies have
therefore provided evidence that hallucinating patients may  expe-
rience inner speech as alien because of a failure of the efference
copy system to dampen activity in auditory cortex and label it as
self-generated.It has, however, been argued that a deﬁcit in self-monitoring as
measured by some of the aforementioned tasks is not enough in
itself to explain the misattribution to external sources that has been
proposed to explain AVHs, and that there must be a speciﬁc bias
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owards labelling events as external (Allen et al., 2004). Therefore,
asks that attempt to measure participants’ bias towards locating
vents externally have been used with both hallucinating and non-
allucinating patients, as well as healthy controls. These reality
onitoring tasks have been used to show a so-called ‘externalizing
ias’. A response bias such as this would lead to a higher likelihood
f stimuli of ambiguous source being attributed to an external
ource (Bentall, 1990). Early tasks utilized signal detection theory,
n which hallucination-prone individuals, hallucinating patients
nd healthy controls were asked to discriminate whether a voice
as present in white noise, showed that the former two groups
howed a response bias towards external misattributions (Bentall
nd Slade, 1985). More recent neuroimaging studies using auditory
ignal detection tasks have implicated, among other areas, the STG
n the creation of false alarms (responding ‘yes’ when there is no
oice present) (Barkus et al., 2007), therefore showing overlapping
egions of activation with neuroimaging studies of both inner
peech and AVHs.
A  large body of research relating to reality monitoring has also
ccumulated looking at ‘source memory’ in people that experience
VHs. In these tasks, participants are generally required to dis-
inguish between self-generated words, experimenter-generated
ords, and words that have not appeared in the task before
see Waters et al., 2012b, for a recent review of self-recognition
eﬁcits). Findings typically indicate that hallucinating patients or
allucination-prone participants are more likely to misattribute
ecalled items to the experimenter (Bentall et al., 1991; Laroi et al.,
004), which has again been taken as evidence that AVHs are linked
o an externalizing bias. It has also been shown that patients diag-
osed with schizophrenia who experience AVHs are more likely to
ecall an imagined word as spoken (Franck et al., 2000) or an imag-
ned action as performed (Gawe˛da  et al., 2013), compared to other
atients and healthy controls.
Distorted  voice tasks have also been used to provide evidence for
he existence of an externalizing bias in those that experience AVHs.
llen et al. (2004) used a task in which, unlike the aforementioned
erbal self-monitoring studies, the speech was pre-recorded. The
ationale underlying this alteration was that the task would no
onger measure immediate verbal self-monitoring ability, as par-
icipants were not generating the stimuli ‘online’. It was found
hat hallucinating patients were still more likely to make exter-
al misattributions. The authors argued that previous ﬁndings may
ot simply be due to a disrupted verbal self-monitoring system,
ut at least partly due to an externalizing bias possibly due to
isrupted top-down processing of auditory stimuli. A later neu-
oimaging study with the same paradigm showed that, in healthy
ontrols and non-hallucinating patients with schizophrenia, the left
uperior temporal gyrus was generally active when other-produced
peech was listened to, whereas this was not the case when self-
roduced speech was listened to. These ﬁndings, however, did not
pply to hallucinating patients, who did not show differential activ-
ty in this area between hearing their own or another’s voice (Allen
t al., 2007).
The  tendency to make external misattributions may  there-
ore be linked to additional, or alternative, mechanisms to the
orward model system, because they were gained when partici-
ants were not engaged in any motor activity. Allen et al. (2007)
uggest that this reﬂects conscious evaluation of the stimuli, per-
aps involving the anterior cingulate cortex (ACC), which has
trong connectivity with the temporal cortex (Petrides and Pandya,
988). Mechelli et al. (2007) have supported this hypothesis by
emonstrating a lack of effective connectivity in patients with
VHs, between STG and ACC during other-produced speech. In
ddition, Vercammen et al. (2010c) have demonstrated atypical
unctional connectivity of the ACC with left TPJ in hallucinating
atients, suggesting that this connectivity may  be related to a ‘corevioral Reviews 37 (2013) 2794–2805
control  network’ which exhibits conscious control over experi-
ences.
Furthermore, the left planum temporale, an area within the left
STG, has been shown to be involved speciﬁcally in the perception of
externally located speech (Hunter et al., 2002), and posterior parts
of the left STG are known to be involved in the spatial localization
of speech (Mathiak et al., 2007); this area has also recently been
implicated in the experience of externally as opposed to internally
experienced AVHs (Looijestijn et al., 2013). Interestingly, Mathalon
et al. (2001) have shown that the STG diminishes in size over time in
those with a diagnosis of schizophrenia, speciﬁcally related to pos-
itive symptoms in schizophrenia, although they do not report data
relating to AVHs, and so it is not possible to tell whether this ﬁnd-
ing may  be speciﬁc to AVHs. It has, however, been shown that over
time AVHs are more likely to be experienced as internally located
(Nayani and David, 1996), although evidence is so far lacking as to
whether a correlation exists between this change in STG volume
and the likelihood of experiencing AVHs as internal. This evidence,
though, implicates left temporal language areas as important in
labelling a percept as externally located, and it follows that over-
activation of this area may  therefore increase the likelihood that a
percept will be incorrectly labelled as external.
Temporal lobe regions, then, as well as being important in inner
speech and often active during AVHs, have been implicated in both
self-monitoring failures in tests of forward model theories and real-
ity monitoring biases towards the external. This may  imply that
self-monitoring and reality monitoring tasks are to some extent
measuring the same cognitive mechanism, although whether this is
the ability to distinguish between the internal and external in space,
or the ability to monitor self-generated actions and label them as
self or non-self, is unknown, and is beyond the scope of this arti-
cle. Returning to the discussion of neurostimulation as a treatment
for AVHs: neuroimaging ﬁndings relating to AVHs, inner speech
and self-/reality monitoring all point towards a key role for the left
temporal lobe in the experience of AVHs (with differential ﬁnd-
ings regarding the right hemisphere). It is therefore possible that
the success of the treatment may  depend on its ability to modulate
cortical areas involved in inner speech and self-/reality monitoring.
4. Neurostimulation as a treatment for AVHs
4.1. Neurostimulation as a therapeutic technique
Transcranial magnetic stimulation (TMS) is a noninvasive brain
stimulation technique in which a coil placed on the scalp uses a
rapidly changing magnetic ﬁeld to induce an electrical current in
the cortex (Hallett, 2007; Walsh and Cowey, 2000). Pioneered by
Barker et al. (1985), TMS  was  at ﬁrst used in single pulses, and can
essentially introduce a focal area of neural noise in an area of cortex
by activating neurons underlying the stimulating coil. Repetitive
TMS (rTMS), in contrast, uses repeated pulses and can be applied in
an event-related manner (to disrupt regions, synchronously with
presented stimuli), to test whether a speciﬁc cortical area is nec-
essary when completing a speciﬁc cognitive task (as if the area is
responding to the magnetic pulses, it cannot respond to the con-
current task demands). It is worth noting that secondary areas may
also be affected by the introduction of neural noise due to con-
nectivity, and that task effects may  not be related to rTMS of the
primary region but functionally connected, or indeed anatomically
connected, regions (Komssi et al., 2002; Walsh and Pascual-Leone,
2003). This factor is most prevalent when rTMS is utilized over
longer time periods, in the absence of any task or stimuli, because
it can have lasting after-effects of excitation or inhibition of corti-
cal areas both directly underneath the coil and trans-synaptically
(Hoffman and Cavus, 2002; Wassermann et al., 1998). Results
showing changes in excitation or inhibition in regions distal to
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he stimulating coil highlight that inferences regarding the role of
peciﬁc brain areas in tasks need to be made cautiously, although
his may  be an advantage when attempting to modulate activity in
idespread cortical networks (Pascual-Leone et al., 1998).
Although  TMS  excites all neurons in the stimulated region with
ach pulse (both excitatory and inhibitory), it is important to
istinguish between this and the excitation or inhibition of func-
ion that may  follow. For example, low frequency (1 Hz) rTMS
an have lasting after-effects, which tends to cause a decrease in
euronal activity in the stimulated region, whereas higher frequen-
ies (>5 Hz) can cause lasting excitation (Maeda et al., 2000). The
ffects of TMS  can also be modulated by underlying tissue type. For
xample, differences in anisotropy can affect the spatial distribu-
ion of the induced ﬁeld, so although TMS  is typically thought to
argely affect grey matter, recent ﬁndings indicate that the mor-
hology of underlying white matter tracts is also important (De
ucia et al., 2007; Opitz et al., 2013). It has further been established
hat TMS  can have state-dependent effects, and is thought to prefer-
ntially stimulate neurons that are less active (Silvanto et al., 2008,
007) and can also have differential effects on cortical excitability
epending on baseline levels. For example, Siebner et al. (2004)
howed that if excitability was increased at baseline, then 1 Hz
TMS reduced excitability; however, if excitability was  decreased at
aseline, the same stimulation had the effect of increasing excitabil-
ty. The mechanism through which rTMS can produce lasting
fter-effects is still somewhat unclear, but may  be due to long-term
otentiation or long-term depression (LTP/LTD)-like effects, i.e. the
bservation that the strength of synapses between neurons can be
ltered if they repeatedly ﬁre synchronously (Hoffman and Cavus,
002). Since rTMS can have effects in regions distal to the stimu-
ating coil, particularly when used to produce after-effects, it has
he potential to affect neuronal networks thought to be involved
n neurological and psychiatric conditions that may  be a result of
hanges in connectivity between brain regions.
Typically, studies applying rTMS to test its therapeutic poten-
ial stimulate for protracted periods of time (e.g. 15 min  per day,
or three weeks). The intensity of stimulation is determined for
ach participant separately, using the individual’s ‘motor thresh-
ld’ (the intensity at which stimulation of motor cortex can elicit a
and movement); for example, treatment may  be administered at
0% of each individual’s motor threshold. Perhaps most famously,
he observation that under-activation of the left dorsolateral pre-
rontal cortex often coincides with clinical depression led to the use
f high-frequency rTMS over this area, and there is evidence that
t may  be an effective treatment option (George et al., 2010, 1995).
hat said, some argue that the efﬁcacy has often been exagger-
ted, and more studies may  be needed to ensure that improvements
re not simply a placebo effect (Miniussi et al., 2005; Ridding and
othwell, 2007). The example of depression highlights difﬁculties
n showing efﬁcacy of rTMS as a valid treatment option, in that
epression is a diverse diagnosis, and by deﬁnition is a subjective
xperience. This makes it hard to exclude placebo effects, especially
ince the control ‘sham’ condition usually used in rTMS studies
as been criticized (Robertson et al., 2003). These criticisms are
qually valid when applied to using rTMS to treat AVHs, and will
e returned to below. Nevertheless, rTMS has now been approved
or use in the treatment of depression by the Food and Drug Admin-
stration in the US (Connolly et al., 2012).
An alternative neurostimulation technique is transcranial direct
urrent stimulation (tDCS). This can be used to selectively increase
r decrease excitability of brain areas, as rTMS can. In tDCS, a weak
lectrical current is passed between two electrodes attached to the
calp. Current runs from the anodal electrode, under which the
eurons’ membrane potentials are generally depolarized, to the
athodal electrode, under which they are generally hyperpolarized.
his leads to increased neuronal excitability under the anode, andvioral Reviews 37 (2013) 2794–2805 2799
decreased excitability under the cathode (Nitsche and Paulus, 2000,
2011). Importantly, effects of tDCS which outlast the stimulation
period are often observed, probably due to longer term GABAergic
and glutamatergic mechanisms (Stagg and Nitsche, 2011), leading
to studies into whether this technique could be used therapeuti-
cally for neurological and psychiatric disorders. One advantage of
using tDCS over rTMS in an experimental setting is a more realis-
tic sham condition. Active stimulation using tDCS leads to no more
than a tingling or itching sensation underneath the electrodes, and
participants tend to report that this sensation fades away after
a short period of time. Therefore, sham tDCS attempts to mimic
this by stimulating for only 30 s, and then gradually decreasing the
stimulation intensity until the equipment is turned off. In this way,
participants tend to be unaware that they are no longer receiving
active stimulation (Gandiga et al., 2006; though see O’Connell et al.,
2012). On top of this, tDCS is less expensive and easier to apply than
rTMS, and can potentially be used by patients at their own homes,
with the clinician providing indirect support with a remote trigger
(Brunoni et al., 2012).
4.2.  Can neurostimulation be used to treat AVHs?
As discussed above, neuroimaging studies using positron emis-
sion tomography (PET) and functional magnetic resonance imaging
(fMRI) have shown that AVHs are often accompanied by activation
of the speech and language perception areas in the left hemisphere,
in agreement with inner speech theories of AVHs (Allen et al., 2012;
Silbersweig et al., 1995), and research also suggests that patients
with AVHs often show deﬁcits in speech processing (Hoffman et al.,
1999a). Therefore, initial studies tested the therapeutic effect of
low-frequency (1 Hz) rTMS over left temporoparietal cortex (mid-
way between the T3 and P3 electrodes using the EEG 10-20 system),
at ﬁrst tested on three patients diagnosed with schizophrenia
(Hoffman et al., 1999b), and later on a larger sample of 50 (Hoffman
et al., 2005). Hallucinating patients received rTMS treatment for 9
consecutive days (excluding weekends). These initial studies indi-
cated that rTMS may  be effective as a treatment to reduce AVHs,
as measured by the Auditory Hallucinations Rating Scale, a 7-item
scale which assesses hallucination frequency, number of voices,
volume, vividness, salience, length and distress caused. A large
effect size of .94 was  found in the 50 patient sample, reducing the
frequency of AVHs. There was no improvement in other scores relat-
ing to positive or negative symptoms of schizophrenia, implying
that the effects of stimulation are relatively speciﬁc to a reduction
in AVHs.
Recently, Hoffman et al. (2013) replicated their initial ﬁndings
with a sample size of 83, albeit it with reduced effect size of .65 for
reduction in frequency of AVHs. This effect size was  increased to
.74 when only patients with whom they could consistently detect a
motor threshold were included. They also showed that stimulation
of the right homologue of Wernicke’s area could lead to a reduction
in frequency of AVHs, especially for those rated high in ‘attentional
salience’ (“the degree to which hallucinations capture attention and
alter ongoing thoughts and behaviour”, p. 2).
Some studies, however, have failed to show the substantial
improvement reported by Hoffman and colleagues. Notably, a rel-
atively large randomized controlled trial (N = 62) failed to ﬁnd any
signiﬁcant advantage of active rTMS over sham stimulation, despite
using fMRI and image-guided stereotaxy to localize the stimula-
tion to the point of maximal activity during each patient’s AVHs
(Slotema et al., 2011). Nevertheless, meta-analyses with this ﬁnd-
ing taken into account still showed positive effects of rTMS with a
moderate effect size of .38 (Slotema and Daskalakis, 2012).
Whether  rTMS is effective at reducing frequency of halluci-
nations is confounded by the fact that most studies have used
either medication- or therapy-resistant patients with a diagnosis
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f schizophrenia. It is difﬁcult to speculate on whether rTMS would
e more or less effective if tested on drug-naive individuals, or on
atients without this diagnosis, but inter-individual variability in,
or example, white matter volume, could change the distribution
f current induced by stimulation, as previously mentioned. Many
tudies also do not report the speciﬁcity of the effects of neurostim-
lation – that is, whether there was a corresponding reduction in
ther positive symptoms. This information is crucial if conclusions
re to be drawn relating to the underlying mechanisms of AVHs.
evertheless, Hoffman et al. (2005) reported that there was no
igniﬁcant change in the frequency of other positive or negative
ymptoms, and so it seems likely that neurostimulation treatment
perates solely on the symptom of AVHs.
Additionally, it is possible that a publication bias has meant that
egative ﬁndings with regard to efﬁcacy are not publicly available;
he effect sizes of published studies using rTMS to treat AVHs have
ended to decrease with time, and so it is possible that some early
egative ﬁndings were not published. Nevertheless, Slotema et al.
2012) conclude that there is little evidence of a publication bias,
ecause there are examples in the literature of small, early stud-
es with negative ﬁndings. Another major criticism, also made by
lotema et al., is that many studies have not achieved adequate sta-
istical power: Hoffman et al.’s 50 patient sample, their recent 83
atient sample, and Slotema et al.’s recent negative ﬁnding being
he exceptions. It is important that future studies aim to achieve
igher statistical power to increase reliability.
One possible reason for the variable ﬁndings of the therapeutic
ffects of rTMS on AVHs is the inadequacy of the sham condi-
ion in rTMS trials. Active rTMS trials elicit a loud clicking sound,
ith a characteristic tapping sensation on the scalp underneath the
oil. This sensation is hard to mimic  realistically – although sham
oils do exist, they usually do not mimic  anything more than the
uditory aspect of receiving rTMS. Many studies, rather than uti-
izing a sham coil, will tilt the active rTMS coil 45◦ or 90◦ from the
calp. In this way, both the sound and tactile sensation of rTMS
re, to some extent, replicated. This method, though, leaves open
uestions about whether the stimulation may  have some effect
n underlying (or surrounding areas of) cortex. Indeed, Lisanby
t al. (2001) showed that, when the coil was tilted 45◦ from the
calp, the voltage induced in the cortex was approximately 33%
f that induced in the ‘active TMS’ condition. It is also unclear to
hat extent this technique is successful in blinding participants to
he condition they are in: Hoffman et al. (2005), using this sham
echnique, reported that many patients correctly guessed which
ondition they had been in, but argued that in most cases their
uess was actually based on curtailment of symptoms. Neverthe-
ess, this is anecdotal, and the fact that many patients were able to
ell which condition they were in may  have affected the results.
It  has therefore been suggested that in experiments showing a
ositive effect, patients receiving rTMS treatment in fact showed
 placebo effect to the treatment, with the observed difference
etween conditions being due to an inadequate sham condition
Slotema et al., 2011). Further, the essentially subjective measures
f severity of hallucinations arguably leave the studies even more
usceptible to being confounded by the placebo effect. Some meas-
res, however, are less subjective than others; Hoffman et al. (2013)
sked participants to record frequency of AVHs with a mechanical
ounter, perhaps negating this criticism. In addition, most rTMS
tudies have recruited patients whose AVHs have been refractory
o anti-psychotic drugs or other treatment options, leaving open
he question of why the placebo effect would be evident after rTMS,
ut not other attempts to reduce AVHs.No studies to date have looked at the efﬁcacy of rTMS in the
reatment of different types of AVH, but there is a growing realiza-
ion that AVHs cannot be treated as one homogeneous group, and
ay  in fact differ both phenomenologically and in their cognitivevioral Reviews 37 (2013) 2794–2805
and  neural substrates (Jones, 2010; Nayani and David, 1996). Recent
studies, for example, have suggested a subtype of AVH known as
‘hypervigilance hallucinations’, characterized by their occurrence
when attention is externally focused (Garwood et al., 2013). That
phenomenologically different AVHs may  have different neural sub-
strates is highlighted by Hoffman et al.’s most recent study (2013),
showing that the effectiveness of rTMS to the right hemisphere is
dependent on attentional salience of the AVHs. It is therefore pos-
sible that only some AVHs may  be amenable to treatment using
rTMS. If this were the case, the results may  be skewed depending
on the ‘types’ of AVHs that were studied. It will be argued in Section
4.3 that AVHs which may  be best described as misattributed inner
speech may  be most amenable to neurostimulation treatment.
At  the time of writing, only one experimental study of the
therapeutic effect of tDCS on AVHs has been reported. Brunelin
et al. (2012) studied 30 hallucinating individuals diagnosed with
schizophrenia, placing the cathodal electrode over the left tem-
poroparietal junction (midway between the T3-P3 electrodes as
speciﬁed by the 10-20 EEG system, similarly to rTMS studies),
and the anodal electrode over left dorsolateral prefrontal cortex;
abnormal white matter volume of this area is often associated with
negative symptoms of schizophrenia (Sanﬁlipo et al., 2000). The
participants underwent stimulation twice a day, for 20 min, for 5
days. Half of the participants were assigned to the sham condi-
tion, while half were assigned to receive active stimulation. Results
showed that those who  received active cathodal stimulation over
temporoparietal cortex experienced a 31% reduction in hallucina-
tion severity, as measured by the Auditory Hallucination Rating
Scale (which takes into account variables such as hallucination
frequency, loudness, and salience of the AVH), compared to an
8% reported reduction in the sham condition. This effect was still
present 3 months later, with 6 of 15 participants in the experi-
mental condition showing a reduction in hallucination frequency of
more than 50%. The most obvious criticism of this study is the rela-
tively small sample size; it will be interesting to see whether future
studies are able to replicate these results. As already mentioned, the
sham condition used in studies using tDCS is more effective, and
therefore may  be less susceptible to placebo effects. Issues such
as portability and ease of use may  also make it more realistic as a
treatment option.
To  summarize, the evidence regarding efﬁcacy of noninvasive
brain stimulation techniques as a treatment for AVHs is still equiv-
ocal. What follows is an analysis of how treatment of AVHs with
neurostimulation may  affect the associated cognitive and neu-
ral mechanisms, interpreted within an inner speech monitoring
framework.
4.3. How might treatment with neurostimulation affect the
cognitive  and neural mechanisms associated with AVHs?
Previous attempts to treat AVHs with noninvasive brain stimu-
lation have not been carried out based on a clear prediction from
our understanding of the cognitive mechanisms underlying AVHs.
Recent evidence, however, suggests that neurostimulation may  be
effective as a treatment option due to its effects on brain networks
involved in the monitoring of inner speech. The following section
aims to interpret the ﬁndings discussed in Section 4, based on inner
speech models of AVHs, and discuss recent studies which have used
neuroimaging to monitor the after-effects of neurostimulation in
cortical regions known to be involved in AVHs. Table 2 provides a
summary of some key ﬁndings regarding the importance of differ-
ent brain areas in AVHs and neurostimulation treatment.One  of the few studies to look at the effects of left tem-
poroparietal rTMS on reality monitoring performance in those that
experience AVHs was conducted by Brunelin et al. (2006). This
study used an rTMS protocol similar to those used in other studies
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Table  2
Summary of brain areas that are important in understanding the effects of neurostimulation on AVHs, and their connectivity with other regions.
Brain region Role in AVHs Relevance to neurostimulation
treatment
Connectivity
Superior temporal gyrus (STG) Includes PAC, Wernicke’s area, and
planum temporale. Structural
abnormalities  and functional activity
consistently implicated in AVHs, and
during monitoring tasks.
Posterior STG activity reduced after
neurostimulation; this correlates with
reduction in AVH severity.
Strong connectivity with TPJ, and
effective connectivity with ACC. Also
connected to IFG through arcuate
fasciculus white matter tract.
Inferior frontal gyrus (IFG,
Broca’s  area)
Crucial for production of speech
(including inner speech), particularly
in the left hemisphere. Role of right IFG
still relatively unexplored.
rTMS of Broca’s area does not lead to a
reduction in AVH frequency. Reduction
in activity in IFG following stimulation
of left TPJ, though not correlated with
reduction in AVH frequency.
Connected to STG through arcuate
fasciculus white matter tract. Excessive
functional connectivity with putamen
in voice-hearers.
Anterior  cingulate cortex (ACC) Activation seen during AVHs may
reﬂect conscious evaluation of stimuli,
and in combination with STG, may  be
involved in monitoring processes.
Reduction in activity in ACC following
stimulation of left TPJ, though not
correlated with reduction in AVH
frequency.
Connectivity with STG and TPJ may
reﬂect verbal monitoring processes –
effective connectivity during
monitoring task is reduced in
voice-hearers.
Inferior parietal lobe (IPL) Often activated in symptom-capture
studies  of AVHs, and commonly linked
to feelings of self-agency.
Data from neuroimaging has not
implicated changes in activation
post-neurostimulation; however, close
proximity could mean activity is
modulated by TPJ stimulation.
May be part of an alternative pathway
that runs laterally to the arcuate
fasciculus, between IFG and STG.
Putamen Hoffman’s corticostriatal loop model
speciﬁes that an overabundance of
language representations initiated by
the putamen may  surface ‘unbidden
thoughts’ as AVHs, due to
hyperconnectivity with STG and IFG.
If  Hoffman’s model is supported,
disruption  of hyperconnectivity with
this region may  be related to the
therapeutic effect of neurostimulation.
Excessive functional connectivity with
IFG and STG in voice-hearers.
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obe.
f rTMS to treat AVHs, and was able to replicate the improvements
n Auditory Hallucination Rating Scale score shown by others. The
4 patients also took part in a source memory test in which they
ad to recall whether they had read an item silently to themselves,
r said the word out loud (a ‘say/imagine’ paradigm). Patients that
eceived active rTMS were less likely to misattribute an imagined
ord as one they had said after stimulation, whereas those that
ere allocated to the sham condition did not show this pattern.
his can therefore be seen to support both the efﬁcacy of rTMS as a
reatment option for AVHs, and the link between AVHs and reality
onitoring.
The importance of the STG in responders to neurostimulation
reatment  has also been highlighted by a recent neuroimaging
tudy showing higher left STG activation in a pre-TMS resting-state
can in those that were later classiﬁed as ‘responders’ to the TMS
reatment paradigm (Homan et al., 2012). These ﬁndings may  be
rucial, as they suggest that pre-existing levels of activity in the
TG may  be one biomarker for recognizing likely responders to
eurostimulation treatment, and are also consistent with ﬁndings
iscussed in Section 4.1 showing that the after-effects of rTMS are
ependent on baseline levels of excitability. In a separate study,
easurement of cerebral blood ﬂow post-TMS treatment, relative
o pre-treatment, showed reductions in activation in primary audi-
ory cortex (part of the STG), Broca’s area and the cingulate gyrus
fter 10 days of rTMS treatment (Kindler et al., 2013). This pro-
ides support for the claim that left temporoparietal cortex (the
ite of stimulation) is the most appropriate location to affect other
emporal regions, as well as cingulate areas that may  be related
o conscious evaluation of stimuli. Kindler et al. suggest that a
igh level of activity in the STG makes it harder to differentiate
etween inner speech and externally perceived speech, concordant
ith self- or reality monitoring cognitive models of AVHs. This evi-
ence is also consistent, to some extent, with some forward model
heories of AVHs which argue that a failure of the efference copy
echanism leads to an over-active auditory cortex, therefore lead-
ng to self-produced speech being labelled as ‘non-self’ (althoughon; ACC, anterior cingulate cortex; IFG, inferior frontal gyrus; IPL, inferior parietal
it  neither supports nor contradicts ideas surrounding the cause of
over-activity). Importantly, only reduced activation in the STG cor-
related with a reduction in AVHs, implying that effects in other
areas may  be not be causal to the improvement. The authors argue
that the activation of Broca’s area typically seen during AVHs is due
to the production of (subsequently misattributed) inner speech,
although whether the observed reduction in activity post-TMS
treatment corresponds to any change in the experience of inner
speech (phenomenological or quantitative) is unknown.
An  excellent addition to these studies, in our opinion, would
have been to investigate if any phenomenological differences in
AVHs existed between the responders and non-responders to rTMS
treatment. For example, it is possible that only AVHs that are best
categorized as ‘misattributed inner speech’ may be amenable to
this form of treatment. This hypothesis is consistent with imag-
ing studies of self- and reality monitoring studies that show that
activation of this area is related to task performance, as well as
activation seen when participants are engaged in inner speech, as
outlined in Sections 2 and 3. Hoffman et al.’s ﬁnding (2013) of efﬁ-
cacy of right-sided stimulation in more salient AVHs further implies
that phenomenologically different AVHs may  need to be accounted
for by different cognitive-neuroscientiﬁc models. Alternatively, it
is possible that a higher level of activation in right-sided temporal
areas leads to a higher level of attentional salience because of other
phenomenological variables, such as emotional valence.
Results from rTMS treatment protocols, however, have also been
used to argue that cortical areas involved in self-agency (as mea-
sured by self-monitoring and reality monitoring tasks) can in fact be
dissociated from those involved in AVHs. Jardri et al. (2009) showed
that low-frequency stimulation of the right TPJ could improve per-
formance on both types of task, but not decrease frequency of AVHs;
meanwhile, left TPJ stimulation achieved both. The data, though,
was gained from only a single participant (a child diagnosed with
childhood-onset schizophrenia), and so further research is needed
to support this ﬁnding. Despite this, the authors suggest that self-
agency may  be linked to a network dissociable to that drawn upon
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uring AVHs, implicating the inferior parietal lobule (IPL) rather
han the TPJ/STG per se. Previous studies have suggested bilateral
nvolvement of the IPL in feelings of agency, with a right sided dom-
nance (Farrer et al., 2003; Jardri et al., 2007). The IPL is immediately
djacent to the posterior STG (including the planum temporale and
ernicke’s area), and may  be part of an alternative pathway that
uns laterally to the arcuate fasciculus between Wernicke’s and
roca’s area (Catani et al., 2005; Frey et al., 2008). It is possible
hat the IPL is part of a feed-forward mechanism between speech
roduction areas and temporal areas (Rauschecker and Scott, 2009),
hich may  explain evidence of its involvement in feelings of agency
nd monitoring tasks. It is therefore difﬁcult to ascertain whether
oncurrent improvement in monitoring tasks and AVH frequency
s due to the effect of stimulation on the targeted area (left TPJ) and
ts connections with other auditory cortical areas, or the imme-
iately adjacent IPL, due to either the limitations of the spatial
esolution of rTMS (approximately 1 cm3, dependent on coil size),
r connectivity between the STG and the left IPL.
This is difﬁcult to reconcile with imaging studies of monitor-
ng tasks and symptom-capture studies of AVHs, in which superior
emporal regions, particularly on the left, are often shown to be
mportant. Although inferior parietal regions have been reported
s involved in the occurrence of AVHs (Jardri et al., 2011; Lennox
t al., 2000), one might expect more reliable activation of this area
n neuroimaging studies of AVHs if it were of such key importance.
peculations regarding the importance of the IPL in monitoring and
VHs therefore need to be empirically tested with larger sample
izes and a variety of neuroscientiﬁc and cognitive tests, before ﬁrm
onclusions can be drawn.
.4.  Neurostimulation and inner speech
It is interesting that Hoffman et al. (2007) found no reduction in
VHs after stimulating Broca’s area, but did show that responders
o the rTMS treatment tended to show reduced functional connec-
ivity between left TPJ and the right homologue of Broca’s area,
upporting Vercammen et al. (2010a), who found reduced connec-
ivity between these areas in patients with AVHs. In combination
ith Aziz-Zadeh et al.’s (2005) results showing induction of covert
peech arrest during Broca’s area stimulation, the lack of improve-
ent shown after treatment through Broca’s area stimulation may
upport arguments that there is no difference, at a neural level,
n the production of inner speech in those that experience AVHs.
nstead, it is the subsequent perception (by temporal regions) or
valuation (by ACC) that leads to a misattribution. In combination
ith the aforementioned study by Homan et al. (2012), these results
ndicate that reduction of activity in superior temporal regions is
rucial to the therapeutic effect of rTMS on AVHs. More detailed
tudies are required to distinguish whether reduction in activity
n speciﬁc areas of the STG, such as the planum temporale, are
esponsible for the improvement in AVH frequency.
The role of right hemispheric language areas in inner speech
nd AVHs is still a relatively unexplored area: current inner speech
heories might predict that they are not integral to the creation
f AVHs, but are instead important in their contextualisation
experiencing AVHs as another person’s voice and/or perspec-
ive, emotional content of AVHs). Nevertheless, neurostimulation
reatment protocols reviewed above suggest that in some cases
timulation of the right TPJ may  be successful in reduction of AVH
requency, which may  imply a causal role for right temporal regions
n the experience of AVHs, rather than simply contextualisation.
urther research into the neural basis of different forms of inner
peech (e.g. dialogic, emotional) could help to clarify what role the
ight homologue of Broca’s area and right superior temporal regions
lay in the generation of inner speech, self-/source monitoring, and
herefore AVHs.vioral Reviews 37 (2013) 2794–2805
5. Future directions
The  evidence so far reviewed suggests that the efﬁcacy of neu-
rostimulation as a treatment option may  depend on its ability to
modulate activity in superior temporal cortical regions, as well as
inferior frontal and anterior cingulate regions. We  have argued that
this is consistent with inner speech theories of AVHs, which postu-
late that atypical monitoring processes lead to its misattribution to
an external or non-self source. This is supported by ﬁndings impli-
cating similar regions in the monitoring of speech as those affected
by neurostimulation of TPJ. There are, however, a number of key
avenues of research which remain to be explored.
While it seems likely that, at a cognitive level, the effect of
treatment may  be due to an improvement in self- and/or reality
monitoring, it is hard to discount the possibility that a decrease in
AVH frequency may  lead to improvements in monitoring capabil-
ity, perhaps due to the distracting effects of AVHs. Future studies
should aim to test this more directly. Such studies could use low
frequency rTMS, or tDCS, in conjunction with previously used
monitoring tasks in both clinical and non-clinical populations,
to study the effects of reduction of STG activity on the ability to
distinguish between internal and external events. Such studies
would not only be able to test the importance of superior temporal
regions in monitoring tasks, but would also be able to inform
us of the causality of observed improvements. They would also
potentially provide evidence both for cognitive models that specify
monitoring deﬁcits or biases as a cause of AVHs, and clinical studies
of the efﬁcacy of brain stimulation techniques that claim to be able
to reduce AVH frequency.
As  already noted, it is likely that AVHs are not a homogeneous
phenomenon (Jones, 2010). The experience may  differ, for exam-
ple, in terms of level of externality (the extent to which the voice is
experienced as coming from the external environment), the num-
ber of voices heard, the volume of the voice, and attentional salience
(the extent to which the voice captures the attention of the per-
son, and is thus effective in altering behaviour). As yet, only a
small number of studies have investigated differences in neural
activity between phenomenologically different AVHs using fMRI
(Looijestijn et al., 2013; Vercammen et al., 2010a). Hoffman et al.
(2013) has noted that attentional salience appears to be one marker
for likely response to neurostimulation treatment to the right TPJ
(as opposed to the left TPJ).
On  a broader level, it is possible that some AVHs can best be
described as misattributed inner speech, whereas others might
best be described as intrusive memories (Waters et al., 2006), and
others still as ‘hypervigilance’ towards detecting stimuli in the envi-
ronment (Dodgson and Gordon, 2009; Garwood et al., 2013). This
review has focused on the former; that is, AVHs which seem to be
explicable within an inner speech framework. As outlined, it may
be that neurostimulation of the TPJ affects mechanisms that are
involved with the monitoring of inner speech. An important area
for future research would therefore be to investigate whether these
subtypes of hallucinations are distinguishable by neural activation,
and whether some types of AVHs are more amenable to treatment
with neurostimulation.
Thirdly, there is a need to develop more valid inner speech
paradigms if we are to understand its relation to AVHs. For exam-
ple, ideas surrounding the dialogic nature of inner speech are
yet to be tested within a cognitive-neuroscientiﬁc framework –
important questions to address would be related to differences
in activation between monologic inner speech (inner speech that
does not involve the back-and-forth of a conversation) and dia-
logic inner speech. Moreover, it is important that more realistic
forms of inner speech are studied. Currently, most studies rely
on asking participants to repeat sentences to themselves (e.g.
McGuire et al., 1995) or requiring participants to count syllables
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e.g. Aziz-Zadeh et al., 2005). More valid forms of inner speech could
e evoked by, for example, asking participants to imagine a con-
ersation, evaluate behaviour, or plan a speech for a future event
 these have all been suggested as important functions of inner
peech (McCarthy-Jones and Fernyhough, 2011), and so should be
ore accurate approximations. A further possibility would be to
se experience sampling techniques such as Descriptive Experi-
nce Sampling, which involves ﬁtting participants with a ‘beeper’
hich randomly cues the participant to report their current inner
xperience (Hurlburt and Heavey, 2001). Coupled with neuroimag-
ng techniques, this could become a powerful method by which to
nvestigate the neural mechanisms underlying inner speech and
VHs.
Importantly, there is a need for larger scale tests of treating AVHs
ith neurostimulation. Of the three studies discussed here that
ave achieved adequate power, one ﬁnds no effect of neurostim-
lation (Slotema et al., 2011), and the other two originate from
he same institution (Hoffman et al., 2005, 2013). Further replica-
ion studies by independent teams are needed, and tests should be
onsistent with the methods used to target the stimulation (e.g.
onsistently using structural or functional MRI  scans to locate TPJ,
r following the EEG 10-20 system). It is important that studies
ttempt to monitor possible effects of neurostimulation of left TPJ
n a wide variety of variables. Currently, evidence suggests that
here are no negative effects on neuropsychological measures such
 short-term verbal memory (Hoffman et al., 2005) or measures
f hearing function such as pure-tone audiometry (Schonfeldt-
ecuona et al., 2012), but it would also be interesting to study
otential changes in phenomenal characteristics of inner speech
ollowing reduction in activity in either left or right superior tem-
oral regions. Finally, as outlined, testing the efﬁcacy of tDCS to
reat AVHs is a promising area of research and studies with larger
amples are needed to examine whether this technique could be a
seful addition to currently available treatment options for those
ho seek help in relieving the distress of AVHs.
. Conclusions
Using neurostimulation as a treatment option for AVHs seems
romising. Existing ﬁndings indicate that over-activation of the
TG in the resting state is one marker for a response to the treat-
ent. If it is possible, ﬁnding phenomenological markers of likely
esponders would not only mean that treatment could be targeted
uickly and easily to those who might beneﬁt most, but would also
ell us much about the underlying cognitive neuroscience of AVHs.
lthough controversy still exists as to whether the putative ther-
peutic effects of rTMS can simply be attributed to an ineffective
ham condition, future studies, especially those using tDCS, could
ettle this debate. Indeed, if noninvasive brain stimulation tech-
iques are to be taken seriously as a viable treatment option, tDCS
s a much more realistic alternative, due to the portability, ease
nd comfort of use, and cost. Further study is also needed into the
ong-term effects on AVHs of this treatment – currently, minimal
vidence exists into the effects past one month.
Models of AVHs that suggest self-monitoring deﬁcits or reality
onitoring biases, leading to the misattribution of inner speech to
n external or non-self source, do seem to be supported by studies
sing brain stimulation techniques. Although it is important not to
verstate the power of neurostimulation as an experimental tech-
ique, neuroimaging studies of both hallucinating individuals and
f individuals performing monitoring tasks point to the importance
f left superior temporal regions and areas connected functionally
nd anatomically to it, in these processes. Typical neurostimulation
rotocols, meanwhile, direct the stimulation to affect these areas.
here is tentative evidence that improvement in AVH frequencyvioral Reviews 37 (2013) 2794–2805 2803
following  rTMS coincides with improvement on monitoring tasks,
although much more work needs to be carried out in this area to
establish a causal link between the two.
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